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more and more kinetic models are applied to simulate the kinetic processes at the magnetopause, such as the hybrid models (Karimabadi et al., 2014; Tan, Lin, Perez, & Wang, 2011) , the hybrid-Vlasov model (Hoilijoki et al., 2017) , and the MHD with embedded particle-in-cell (MHD-EPIC) model (Chen et al., 2017) .
As the products of the dayside magnetopause reconnection, the flux transfer events (FTEs) have attracted the attention of the numerical modeling community. Ideal-MHD (Fedder, Slinker, Lyon, & Russell, 2002; Raeder, 2006; Sibeck, Kuznetsova, Angelopoulos, Glaßmeier, & McFadden, 2008) and resistive MHD (Dorelli & Bhattacharjee, 2009) models have been used to generate FTEs in global simulations. Recently, more sophisticated models that contain kinetic physics have also been used to study the FTEs. Hoilijoki et al. (2017) performed a 2D global magnetospheric hybrid-Vlasov simulation to investigate the dayside reconnection and FTEs. Chen et al. (2017) studied the generation and evolution of FTEs with 3D MHD-EPIC model.
Another prominent topics of the 3D dayside reconnection is the spreading of the X-lines. Huba and Rudakov (2002) found the X-line in a Hall-MHD simulation propagates asymmetrically along the current channel like a wave. The growth of the X-line was further studied by a hybrid code (Karimabadi, Krauss-Varban, Huba, & Vu, 2004) and a two fluid code (M. A. Shay, Drake, Swisdak, Dorland, & Rogers, 2003) . From 3D PIC simulations, Lapenta, Brackbill, and Ricci (2006) found the X-line grows in the direction of the current carrier, and the X-line spreading speed depends on the current sheet thickness. Shepherd and Cassak (2012) discussed the role of the guide field. They suggested the X-line spreading is due to the motion of the current carrier under weak guide field, and the bidirectional spreading is caused by the Alfven waves along the guide field.
to compare the numerical simulation results with the spacecraft and ground-based observations. Kitamura et al. (2016) has analyzed the MMS and Geotail data for this event, and estimated the X-line location to be around Z GSM = 2 R E . Recently, Nishimura et al. (2020) studied the X-line spreading of this event. We use the MHD-EPIC model (Daldorff et al., 2014) to simulate the challenge event in the present paper. Compared to the study by Chen et al. (2017) , the present paper uses a realistic dipole field and solar wind conditions so that the simulation results are comparable to the observations, and a new robust and accurate particle-in-cell algorithm (Chen & Tóth, 2019 ) is used to improve the simulation quality. In this paper, we focus on the model-data comparisons. We compare the magnetopause crossing magnetic field and plasma data with the MMS3 data, and show the movement and spreading of the X-lines in the simulation are comparable to the ground-based observations.
In the following section, the numerical details of the MHD-EPIC model are described, and section 3 presents the simulation results and compares the simulation with observations.
Numerical models
The MHD-EPIC model (Daldorff et al., 2014) , which two-way couples the Hall-MHD model BATS-R-US (Powell et al., 1999; Tóth, Ma, & Gombosi, 2008) and the semi-implicit particle-in-cell code iPIC3D (Chen & Tóth, 2019; Markidis, Lapenta, & Rizwan-Uddin, 2010 ) through the Space Weather Modeling Framework (SWMF) (Tóth et al., 2005 (Tóth et al., , 2012 , is applied to study the challenge event on 2015-11-18. The dayside magnetopause is covered by the particle-in-cell (PIC) code so that the kinetic effects of the dayside magnetic reconnection are incorporated into the model, and the fluid model BATS-R-US handles the rest of the simulation domain. The MHD-EPIC simulation in the present paper uses the same fluid model, i.e., the Hall-MHD model with a separate electron pressure equation, and the same boundary condition types as the simulation performed by Chen et al. (2017) . But the dipole field, the inner boundary density, and the solar wind conditions are different from those of Chen et al. (2017) . The dipole field is approximately 27 • tilted from the Z GSM -axis towards the negative X GSM -direction. The present paper uses a fixed inner boundary density of 8 amu/cc at r = 2.5 R E to match the magnetospheric plasma profiles that were observed by the MMS satellites ( Figure 5 ). A steady solar wind with B = (0, 0, −6) nT, mass density ρ = 9.5 amu/cm 3 , ion temperature T i = 9 eV, electron temperature T e = 9 eV, and solar wind velocity u = (−365, 0, 0) km/s, is used to drive the magnetosphere. These solar wind values are obtained by averaging and simplifying the ACE and Wind satellites data. In this simulation, BATS-R-US uses a locally refined Cartesian grid with a cell size of 1/16 R E around the dayside magnetopause.
The PIC code uses the latest Gausss Law satisfying Energy Conserving Semi-Implicit Method (GL-ECSIM) (Chen & Tóth, 2019) , and it covers the dayside magnetopause (Figure 1) . The PIC region is rotated 15 • from the Z GSM -axis to the X GSM -axis to be aligned with the dayside magnetopause. The size of the PIC box is L x = 7 R E , L y = 16 R E and L z = 12 R E . It extents from −8 R E to 8 R E in the GSM-Y direction. In the GSM X-Z plane, its bottom-left corner is at x = 5.5 R E and z = −3 R E , and the rotation is performed around this corner. After the rotation, the Y-axis of the PIC coordinates is still parallel with Y GSM , but the X-axis and the Z-axis of the PIC domain are not aligned with the GSM coordinates anymore. The transformation between the PIC coordinates and the GSM coordinates in the units of R E are:
A uniform Cartesian mesh with a cell size of 1/25 R E is used for the PIC simulation. 100 macro-particles per species per cell are applied as the initial conditions and the boundary conditions. The physical ion inertial length d i is just about 40 km/s in the magnetosheath, and it is extremely expensive to resolve such a small scale in a global simulation. So, similar to the simulation by Chen et al. (2017) , we artificially increase the plasma kinetic scales by a factor of 16 by reducing the charge per mass ratio (Tóth et al., 2017) . The electron kinetic scales are further increased by using a reduced ion-electron mass ratio of m i /m e = 100. In the magnetosheath, the mesh resolves one inertial length with about three cells, which is coarser than typical PIC simulations due to the limitation of the computational resources. The grid resolution is not high enough to well resolve the electron scales, e.g. electron skin depth, and some kinetic processes related to magnetic reconnection, such as the particle-wave interaction and streaming instability, may not be described accurately. In the following section, we show that the MHD-EPIC simulation still agrees with MMS observations well in general. We focus on the MHD-EPIC simulation results in this paper, but we also present the ideal-MHD and Hall-MHD simulations for comparison. We run the model BATS-R-US with the ideal-MHD equations first with the local time-stepping scheme to reach a steady-state, and then continue with a 1-hour simulation in time-accurate mode to make the magnetopause structures sharper. This ideal-MHD simulation results at t = 1 h is used as the initial conditions of the 3-hour-long (from t = 1 h to t = 4 h) MHD-EPIC and Hall-MHD simulations.
Ideal-MHD itself also runs to t = 4 h for comparison. We use the simulation results from To compare the simulation results with the MMS3 observations, we extract the simulation data from a virtual satellite, which has the same orbit and speed (∼1.57 km/s) as MMS3. In the MHD-EPIC and Hall-MHD simulations, the ion-scale features (such as the current sheet thickness, the ion-scale flux ropes, and the reconnection ion diffusion region) are 16 times larger than in reality, and hence the virtual satellites in the simulations take 16 times longer time to fly across such features. To be consistent with the MHD-EPIC and Hall-MHD simulations, we also present the ideal-MHD simulation results in the same scales as the MHD-EPIC and Hall-MHD simulations. However, we note that there is not any physical reason behind the scaling of ideal-MHD simulation results.
The ideal-MHD equations do not have any intrinsic scales, and the ion-scale structures in the ideal-MHD simulation only depend on the simulation grid resolution. the nearest simulation magnetopause are always within 0.5 R E , which can be verified by the the magnetopause crossing data in Figure 3 . Figure 3 plots the magnetic fields collected by the MMS3 satellite and the virtual satellites in the simulations. We note that the spatial and temporal scales of the simulation plots are 16 times larger than the MMS3 observations due to the scaling. In the MMS3 data, the magnetopause identified by B l = 0 is around X GSM = 9.735 R E , and it is around X GSM = 9.4 R E for the MHD-EPIC simulation. Figure 3 shows the magnetopause crossing magnetic fields from the MMS3 spacecraft, the Auburn Hybrid model (Guo et al., 2020) , and the SWMF ideal-MHD, Hall-MHD and MHD-EPIC simulations. The Auburn hybrid model is another model that simulated the GEM dayside kinetic processes challenge event. We plot the hybrid simulation results here for completeness, and more details about the hybrid simulation can be found in Guo et al. (2020) . We focus on the comparison between the MMS3 data and the SWMF simulations in the present paper.
Magnetopause location

Magnetic fields
All the three SWMF simulations are essentially the same when the virtual satellites are far from the magnetopause. The magnitude of the magnetic field B t and the Across the current sheet (from X GSM = 9.72 R E to X GSM = 9.74 R E for MMS3), both the MMS3 and the MHD-EPIC B l components decrease at a similar rate from the magnetosphere to the magnetosheath. This suggests that suggests the MHD-EPIC simulation captures the current sheet thickness correctly. The Hall-MHD simulation shows a comparable decreasing rate, but it contains more large-amplitude oscillations than both the MMS3 data and the MHD-EPIC simulation. Since the current sheet structure of the ideal-MHD simulation strongly depends on the grid resolution, we will ignore the ideal-MHD simulation for the current sheet related comparisons.
-8-manuscript submitted to JGR: Space Physics Around X GSM = 9.72 R E , MMS3 observed a dip in B l , B m , and B t , and the MHD-EPIC simulation also shows similar structures. A detailed comparison will be presented in section 3.1.5. Since the current sheet is quite dynamic, the simulations can not reproduce all features. For example, around X GSM = 9.75 R E , MMS3 observed that the B l component field increases to zero, and the B m and B n components show significant variations, but none of the simulations capture these structures. Figure 4 shows the power spectral densities (PSDs) of the perpendicular and parallel magnetic field fluctuations in the magnetosphere, the current sheet, and the magnetosheath. The details of calculating the PSDs from the MMS3 data can be found in Guo et al. (2020) . In the simulations, we use the magnetic field data collected at X GSM = 8.82 R E , X GSM = 9.34 R E and X GSM = 9.83 R E along the MMS3 orbit to represent the magnetosphere, current sheet, and magnetosheath, respectively. B l is the parallel component, B m and B n are the two perpendicular components. Since the ion temporal scales in the MHD-EPIC and pure Hall-MHD simulations are 16 times slower than the reality due to the scaling, the simulation PSDs in Figure 4 are scaled by a factor of 16 to match the MMS3 data. The MHD-EPIC PSDs agree with observations well in the current sheet and the magnetosheath in general, but they are much higher than the MMS3 PSDs in the magnetosphere. Even though there is a significant difference in the magnetosphere PSDs between the MMS3 data and the MHD-EPIC simulation, both show the same trend that the magnetosphere PSDs are much smaller than either the current sheet or magnetosheath PSDs for the high frequencies (> 0.1 Hz). The Hall-MHD PSDs are very similar to the MHD-EPIC PSDs for the frequencies less than 1 Hz, and they decrease faster than the MHD-EPIC PSDs for the frequencies larger than 1 Hz in general. The ideal-MHD PSDs are also presented for completeness, but we note again that the ideal-MHD PSDs strongly depend on the numerical parameters. ity. Since the virtual satellites are around Y GSM ≈ −1 R E , which is close to the meridian plane, during the magnetopause crossing, it is reasonable that the simulations do not produce large v i,m component. The difference between the simulations and the MMS3 data is unknown so far.
Ion profiles
Electron profiles
Since the MHD-EPIC model can provide electron information, Figure 6 plots the electron data. The electron density is essentially the same as the ion density for both the MHD-EPIC simulation and the MMS3 observation due to charge neutrality at scales much larger than the Debye length. The MHD-EPIC electron temperatures agree with MMS3 data in the magnetosheath. But the simulated electron temperatures are lower than the observations in the magnetosphere, especially for the perpendicular temperature. In the electron velocity profiles observed by the MMS3 spacecraft, there are a lot of small-scale high-amplitude oscillations. Such oscillations are missing in the MHD-EPIC simulation probably due to the limitations of the grid resolution and time step. Between X GSM = 9.72 R E and X GSM = 9.74 R E , the MMS3 spacecraft observed an electron jet velocity of v e,l ≈ −500 km/s. The MHD-EPIC simulation also produces electron jets with a similar velocity.
Flux ropes during the magnetopause crossing
The magnetic fields and density variations observed by the MMS3 spacecraft between X GSM = 9.715 R E and X GSM = 9.72 R E can match the signatures of a flux rope. Figure 7 Figure 7(b) shows the corresponding flux rope. The MMS3 data presents similar structures, so it is likely the MMS3 spacecraft also observed a flux rope.
Movement and spreading of the X-lines
To compare the movement and spreading of the X-lines with observations, we design an automatic algorithm to identify X-lines based on the MHD-EPIC simulation electron jets velocities. First, we extract the 2D magnetopause surface from the PIC out--11-manuscript submitted to JGR: Space Physics across the virtual satellite. We note that the red dashed line is not the virtual satellite orbit.
-17-manuscript submitted to JGR: Space Physics puts by selecting the surface of B z,P IC = 0. Secondly, on the magnetopause surface, we loop through each column of the cells from the −Z P IC direction to the +Z P IC direction, and find out the location Z P IC , where the electron velocity v e,z changes from southward (negative) to northward (positive). Finally, the velocity difference ∆v e,z between the maximum and minimum electron velocity v e,z within Z P IC ∈ [Z P IC −∆z, Z P IC + ∆z] is calculated. If ∆v e,z is larger than the threshold value ∆v threshold , the location Z P IC is identified as a reconnection site. In this section, we choose ∆z = 0.4 R E , which is about 4 times of the magnetosheath ion inertial length, and ∆v threshold = 200 km/s, which is close to the magnetosheath Alfven speed. This simple algorithm is not very sensitive to the choices of ∆z and ∆v threshold . For example, changing the parameters to ∆z = 0.6 R E and ∆v threshold = 300 km/s will not alter the results too much. Since the PIC simulation coordinates are not parallel with the GSM coordinates, we present the PIC simulation results in its simulation coordinate system in this section.
An example of the X-lines identified by the algorithm is presented in Figure 8 . There is a long X-line at this moment. This X-line is around Z GSM ≈ 3 R E in the GSM coordinates due to the tilting of the dipole field, which is consistent with the MMS3 and Geotail observations by Kitamura et al. (2016) . However, it is unusual to form such a long single X-line in the MHD-EPIC simulation. It is more typical to have multiple Xlines at the same time in the PIC simulation domain, just as what is shown in Figure 9 .
In the MHD-EPIC simulation, the evolution of the X-lines, which are identified by the algorithm described above, is very dynamic and complicated. We will systematically analyze the evolution of the X-lines in detail in a forthcoming paper. The following part of this section presents some examples that may be related to the X-line spreading observed by Zou et al. (2018) .
By tracing the locations of the X-line edges, we can study the movement and spreading of the X-lines. Points A, B, C and D in Figure 9 indicate the ends of two X-lines. Table 3 .2 shows the locations and moving speeds of the end points at t 1 =03:12:40, t 2 =03:14:00, and t 3 =03:16:00. The subscripts of points A, B, C and D indicate the time. The speeds are estimated based on the motion between two snapshots. Points A and B are the left and right edges of an X-line, respectively. Point A moves dawnward with a speed of ∼ and B moves dawnward and its length does not grow too much. At t 3 , the X-line between A and B has already split into two X-lines. The X-line between points C and D is another example to show the growth of the X-line. From t 1 to t 2 , point C moves dawnward at a speed of ∼ 60 km/s, and point D does not move too much. So, this X-line spreads dawnward between these two snapshots. From t 2 to t 3 , point D also moves duskward fast with a speed of ∼ 70 km/s, and this X-line spreads at both ends. The length of the Xline between points C and D grows from 2.5 R E at t 1 to 6 R E at t 3 . These examples suggest that the typical propagation speed of an X-line endpoint is about 70 km/s. If both endpoints of an X-line move towards the same direction at the same speed, it behaves like the whole X-line moves in one direction. If one X-line endpoint is steady or the two endpoints move in the opposite directions, the X-lines spreads in one direction or both directions. Zou et al. (2018) found that the total spreading speed of the X-lines under a weak guide field is about 40 km/s. Even though the spreading speeds obtained from the MHD-EPIC simulation are about 2 to 4 times faster than the observations, they are still comparable. The evolution of the X-lines can be very complicated, and we will present a systematic investigation in the forthcoming paper. Table 1 . The locations and speeds of the X-line endpoints that are marked in Figure 9 . t1=03:12:40, t2=03:14:00, and t3=03:16:00. Speeds v1,2 and v2,3 are calculated from the motion of the points from t1 to t2 and t2 to t3, respectively. 
Summary
The MHD-EPIC model is used to study the southward IMF event on 2015-11-18 01:50-03:00 UT. The simulation results are compared with the satellite data and the groundbased SuperDARN observations. The key results are:
• The magnetopause location obtained from the MHD-EPIC simulation is very close to the magnetopause location identified by either MMS3 or Geotail. Along the MMS3 orbit, the magnetopause observed by MMS3 is around X GSM = 9.735 R E , and it is around X GSM = 9.4 R E in the MHD-EPIC simulation.
• The simulation magnetic fields match the MMS3 data very well except for the magnetosheath B m component. The discrepancy may be caused by the difference between the simulation IMF and the actual IMF.
• The simulation ion density, perpendicular temperature, and parallel temperature match the MMS3 data well. Both the simulation and the MMS3 spacecraft observed southward high-speed ion flow.
-20-manuscript submitted to JGR: Space Physics Figure 9 . The evolution of the X-lines on the magnetopause. The vertical red dashed lines indicate the location of noon.
-21-manuscript submitted to JGR: Space Physics • The MHD-EPIC simulation provides electron information. The simulation electron number density agrees with MMS3 data well, but the simulation temperatures in the magnetosphere are lower than the MMS3 data. Both the MMS3 data and the simulation present electron jets with a velocity of v e,l ≈ −500 km/s.
• The MHD-EPIC simulation produces FTEs. The magnetic field and plasma variations between X GSM = 9.716 R E and X GSM = 9.72 R E in the MMS3 data match the signatures of an FTE crossing event.
• There are usually multiple X-lines in the simulation domain instead of one long X-line.
• The movement and spreading of X-lines are identified from the MHD-EPIC simulation. The endpoints of an X-line usually move at a speed of ∼ 70 km/s, which is about 2 to 4 times faster than the SuperDARN observed X-line spreading speed.
Overall the MHD-EPIC simulation results show good agreement with observations, and in general this model agrees better than the simpler Hall MHD and ideal MHD models.
The results suggest that MHD-EPIC can reproduce both the global and the small scale structures successfully.
